INTRODUCTION
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acidosis (RA). However, substituting by-products for cereal grain, as commonly practiced (Person et al., 2008; Walter et al., 2010; Yang et al., 2012) , results in the overfeeding of some nutrients such as CP (Amat et al., 2012; Yang et al., 2012) and has implications for manure management. One strategy to increase the effectiveness of byproduct inclusion could be to combine several by-products to optimize ruminal and postruminal energy and protein availability (Zenobi et al., 2014) . However, the energy content in many by-products is markedly lower than that in grain and therefore may limit their use for finishing cattle (Marx et al., 2000) . Increasing the lipid concentration may be a viable strategy to increase the dietary energy density (Pylot et al., 2000; Zinn and Jorquera, 2007; Hess et al., 2008) . Inclusion of lipid in finishing diets reduces ruminal OM digestibility but shifts the site of digestion to the lower parts of the gastrointestinal tract (Zinn, 1989; Zinn and Shen, 1996; Plascencia et al., 2003) . Consequently, short-chain fatty acid (SCFA) production in the rumen can be reduced, thereby reducing the risk for RA (Aschenbach et al., 2011) . Moreover, lipid inclusion in finishing diets was shown to increase ruminal microbial efficiency (Zinn and Shen, 1996; Plascencia et al., 2003) .
The objective of this study was to determine the effect of replacing barley grain and canola meal with high-lipid by-product pellets (HLBP) in finishing diets for beef cattle on ruminal fermentation and ruminal and total tract digestibility.
MATERIALS AND METHODS
This study was conducted at the Livestock Research Building at the University of Saskatchewan. The heifers were cared for and handled in accordance with regulations of the Canadian Council on Animal Care, and their use in this experiment was preapproved by the University of Saskatchewan Animal Care Committee (protocol number 20100021).
Animals, Housing, and Experimental Design
Four ruminally cannulated Hereford × Gelbvieh heifers with an initial BW of 632 ± 23 kg (mean ± SD) were used for this study. The heifers were fitted with 10-cm-center-diam. ruminal cannulas (model 9C; Bar Diamond Inc., Parma, ID) and ovariectomized at the time of surgery. At the initiation of the study, heifers were randomly allocated to 1 of 4 treatments according to 4 × 4 Latin square design. Each experimental period lasted 28 d and consisted of 21 d for dietary adaptation and 7 d for measurements and sampling. Throughout the study period, heifers were housed in individual pens with rubber mats on the floor and equipped with feeders and automatic water bowls. Heifers were weighed on 2 consecutive d at 1200 h at the beginning of the study and thereafter on the last and first days of each experimental period.
Dietary Treatments and Feeding
Heifers were fed a finishing diet consisting of 80.7% barley grain, 7.5% canola meal, 6% barley silage, and 5.8% mineral and vitamin supplement (on DM basis). Before the initiation of the first experimental period, heifers were exposed to a 24-d dietary transition protocol with 7 steps to adapt them to the previously mentioned ration. Dietary treatments included a control diet containing barley grain and canola meal as the concentrates (CONT; as specified above) or diets in which HLBP replaced 30% (HLBP30), 60% (HLBP60), or 90% (HLBP90) of the barley grain and canola meal (Table 1) on a DM basis. The ingredient composition of the HLBP is described in Table 1 . The experimental treatments paralleled those used by Górka et al. (2013) in a growth performance study, except the previous study only included up to 60% HLBP in the diets. The HLBP used by Górka et al. (2013) and that used in the present experiment originated from the same production lot.
Because of substantial differences in the chemical composition among diets, namely, starch and lipid content (32.8% to 50.9% and 2.1% to 6.7% for starch and ether extract, respectively; DM basis), a treatment transition between consecutive experimental periods was conducted gradually over 10 d using 4 dietary steps. In the first step, 40% of the complete change was made, and each of the following steps incorporated a dietary change representing 20% of the required change. Furthermore, to hasten ruminal adaptation, on the last day of each experimental period, digesta were manually emptied from the rumen of each heifer and transferred to the rumen of the heifer scheduled to receive the same treatment during the following period.
The HLBP was formulated to be similar for CP, NE m , and NE g concentration relative to barley grain. For that purpose, near-infrared spectroscopy was used to determine by-product composition before producing the HLBP (West Central Pelleting, Wilkie, SK, Canada). For the purpose of diet formulation, samples of barley grain, canola meal, barley silage, and the vitamin and mineral pellet were sent to Cumberland Valley Analytical Services (Hagerstown, MD) and analyzed for DM, CP, NDF, ADF, lignin, crude fat, starch, ash, Ca, and P content, as described previously (Rosser et al., 2013) . Because the calculated CP content of HLBP based on near-infrared spectroscopy analysis of by-products was higher than that of barley grain, canola meal was included in the CONT diet to balance dietary CP content. Furthermore, limestone was supplemented in CONT, HLBP30, and HLBP60 diets to correct for the greater Ca:P ratio in HLBP compared to barley grain. All diets provided the minimum requirements for CP, trace minerals, and fat-soluble vitamins (NRC, 2000) .
Diets were offered ad libitum as a total mixed ration once daily at 0800 h to allow for 5% to 10% refusals relative to the total amount fed on an as-fed basis. Refusals were weighed, and the mass was recorded daily before the morning feeding. Representative samples of feed ingredients were collected once per week, and feed refusals from individual heifers were collected daily during omasal digesta and fecal sampling. Collected samples (feed ingredients and feed refusals) were dried in a forced-air oven (55°C at 72 h) to determine DM content, composited by period (feeds) and heifer (refusals), ground to pass through a 1-mm screen, and analyzed for analytical DM, CP, NDF, ADF, lignin, crude fat, starch, ash, Ca, and P content as described previously (Rosser et al., 2013) . On the basis of DM concentration of the barley silage, rations were adjusted each week to ensure that formulated ingredient proportions were provided. Dry matter intake was calculated on the basis of the amount of feed offered, DM content of feed ingredients, the amount of feed refused, and DM of the feed refusal. Moreover, nutrient intake was also determined using the same approach. These values were then used to determine ruminal and total tract digestibility.
Ruminal Fermentation Characteristics
Ruminal pH was measured every 5 min from d 21 to 27 using the Lethbridge Research Centre Ruminal pH measurement System (Dascor, Escondido, CA) as described and validated by Penner et al. (2006) . Briefly, a ruminal pH meter was placed in the ventral sac of the rumen of each heifer. At the time of removal, the location of the pH meter was confirmed, and in all cases pH meters were retrieved from the ventral sac of the rumen. Before inserting the pH meter into the rumen and after removal, the pH meters were standardized in pH buffers 7.0 and 4.0 at 38.5°C, and the corresponding millivolt values measured in each buffer solution were recorded. The millivolt values obtained in buffers 7.0 and 4.0 during the pre-and postmeasurement standardizations were used to derive 2 linear regression equations (beginning and ending) that were used to convert millivolt values obtained during the in vivo measurement to ruminal pH. A linear offset was used to account for changes in slope and intercept between the pre-and postmeasurement standardizations such that the postmeasurement standardization equation had increased weighting as the measurement period progressed.
The daily ruminal pH measurements were summarized as minimum, mean, and maximum pH. The severity of ruminal acidosis (RA) was determined from the pH data using 3 pH thresholds (5.8, 5.5, and 5.2; Penner et al., 2007) . Ruminal acidosis was considered to occur when ruminal pH was <5.8. The pH profiles were further classified as mild RA when 5.8 > ruminal pH > 5.5, moderate RA when 5.5 > ruminal pH > 5.2, and severe RA when ruminal pH < 5.2. The duration (min/d) and area (pH × min) of ruminal pH below each threshold was also calculated. Furthermore, data on ruminal pH for each treatment was averaged for hour of the day to represent diurnal pH pattern.
On d 23 through d 24 ruminal digesta was sampled at 0, 2, 4, 8, 12, 16, 20 , and 24 h relative to feeding, and collected samples were analyzed for SCFA and NH 3 -N concentration. Ruminal contents were collected by manually taking 250 mL of mixed digesta from the cranial ventral, caudal ventral, central, and cranial dorsal sacs. After each sampling time, ruminal contents were strained through 2 layers of cheesecloth, and two 10-mL aliquots of strained ruminal fluid were collected and mixed with either 2 mL of metaphosphoric acid (25% wt/vol) or 2 mL of 1% H 2 SO 4 and were stored at −20°C for the determination of SCFA and NH 3 -N, respectively. Ruminal SCFA were separated and quantified by gas chromatography (Agilent 6890, Mississauga, ON, Canada) as described by Khorasani et al. (1996) . Ruminal NH 3 -N was determined using the phenol-hypochlorite method as previously described by Broderick and Kang (1980) . At 1300 h on the last day of each period, digesta from the reticulorumen were manually evacuated, and ruminal fluid was vacuumed out. The ruminal fluid was then recombined with the digesta, whole digesta content mass was determined, and representative samples (two 1-kg samples) were collected for DM determination at 55°C for 72 h using a forced-air oven. From these values, digesta DM concentration and mass were calculated.
Digestibility and Microbial Efficiency
On d 21 through d 27 of each experimental period, external markers were infused directly into the rumen using a peristaltic pump (Watson and Marlow 205U, Watson and Marlow, Cornwall, UK). To quantify omasal digesta flow, YbCl 3 (Siddons et al., 1985) and Cr-EDTA (Uden et al., 1980) were used as digesta markers for the particulate phase and fluid phases, respectively. To quantify ruminal microbial protein production, 15 NH 4 SO 4 was infused into the rumen (Reynal et al., 2005) . Marker solutions were prepared using doubledistilled water. A total of 2.8 g/d, 2.8 g/d, and 220 mg/d were infused for Yb, Cr, and 15 N, respectively, at a constant rate of 1 L/d. At the beginning of the marker infusions, a priming dose equal to one-half of the daily dose of Yb, Cr, and 15 N was administered via the ruminal cannula to ensure that marker concentrations achieved plateau in the ruminal fluid before the start of omasal digesta and fecal sample collection. Before marker infusion, subsamples of marker solutions (50 mL) were collected and stored at −20°C for marker concentration analysis, and samples of ruminal digesta were collected, frozen (−20°C), and subsequently used to determine background concentrations of 15 N.
From d 25 through d 27 of each period, omasal digesta samples were collected using the omasal sampling technique as described by Huhtanen et al. (1997) . To minimize the potential negative effect on digesta passage and digestive functions by leaving sampling devices at the omasal canal thorough the entire sampling period, the sampling tube was manually placed at the omasal canal via ruminal cannula at each sampling time point (Chibisa et al., 2012) . Omasal digest samples were collected at 1000, 1600, and 2200 h on d 25; 0400, 1300, and 1900 h on d 26; and 0100 and 0700 h on d 27, resulting in 8 samples of omasal digesta that represented the 24-h feeding cycle. At each sampling time point, 550 mL of omasal digesta were collected and divided into subsamples of 300, 125, and 125 mL. The 300-mL subsamples were pooled for each heifer in each period to yield a 2.4-L composite that was kept frozen at −20°C for later analysis (described below). The 125-mL subsamples were placed on ice until used for the isolation of particle-associated (PAB) and fluid-associated (FAB) bacteria by filtration and differential centrifugation as described previously by Brito et al. (2009) , with minor modifications (Chibisa et al., 2012) . Briefly, a 250-mL composite sample from 2 subsequent samplings was squeezed through 1 layer of cheesecloth, rinsed with 200 mL of a cold 0.85% saline solution, and squeezed once again. The resulting filtrand was transferred to a bottle and combined with 175 mL of a cold 0.85% saline solution with 0.1% (wt/vol) Tweet-80 and held on ice until further used for PAB isolation, whereas the filtrate was centrifuged at 1,000 × g (5°C) for 5 min. The supernatant was then carefully collected and used for FAB isolation, and the resulting pellet was transferred to a bottle containing the content saved for PAB isolation. The content of the bottle used for FAB isolation was then centrifuged (11,300 × g, 5°C, 30 min), the supernatant was decanted and discarded, and the resulting pellet was resuspended in 50 mL of McDougall's buffer. After that, the content was centrifuged once again (11,300 × g, 5°C, 30 min), and the resulting pellet was stored at −20°C.
The content of PAB container was blended on a low speed for 30 s, stored for 24 h at 5°C, and then strained through 2 layers of cheesecloth. The filtrand was discarded, and the supernatant was initially centrifuged at 1,000 × g (5°C) for 5 min. The resulting filtrate was centrifuged at high speed (11,300 × g, 5°C, 30 min), and the resulting supernatant was discarded. The pellet was then resuspended in 50 mL of McDougall's buffer and centrifuged (11,300 × g, 5°C, 30 min). Subsequently, the supernatant was decanted and discarded, and the pellet was stored at −20°C. The PAB and FAB pellets were composited by heifer and by period, freeze-dried, and ground using mortar and pestle.
The final remaining 125-mL subsample of omasal digesta was used as a spare sample. Like omasal digesta, representative fecal grab samples were collected, frozen, and kept at −20°C for later analysis.
The composited omasal digesta samples (2.4 L for each cow) were thawed at room temperature and then separated into particulate (PP) and fluid (FP) phase digesta fractions as described previously (Ahvenjarvi et al., 2003) . Samples of the PP and FP were then freeze-dried and ground to pass through a 1-mm screen. Samples of feces were thawed and dried at 55°C for 72 h in a forcedair oven. Then, 50 g of each subsample (DM basis) for each heifer was weighed and composited to obtain a representative sample in each experimental period.
The concentrations of Yb and Cr in omasal digesta and fecal samples were determined by atomic absorption spectrophotometry and atomic emission spectroscopy, respectively, after DM determination and sample digestion according to the method described by Vicente et al. (2004) . Briefly, 1 g of sample was used to determine DM by heating the samples at 135°C for 2 h (AOAC, 1990, method 930.15; Ma et al., 2014) , and the ash concentration was determined by ashing the dried samples at 550°C for 8 h. The resulting ash was digested by adding 1.5 mol/L HNO 3 containing 2 g/L KCl and boiling samples at 350°C for 3 min. After digestion, samples were filtered through Whatman paper (No. 1, GE Healthcare Life Sciences, Mississauga, ON.), and the filtrate was analyzed (iCE 3000 series; Thermo Fisher Scientific Inc., Waltham, MA). The analysis was repeated whenever the CV exceeded 5% between duplicates. To volatize NH 3 -N before 15 N analysis, approximately 2 mg of sample were weighed into 5 × 9 mm tin capsules (Elemental Microanalysis Ltd., Okehampton, UK). Subsequently, 50 μL of 72 mM K 2 CO 3 were added to each capsule before incubation in a forced-air oven at 60°C for 24 h. The 15 N in omasal digesta and background ruminal digesta samples were determined by combustion to N 2 gas in an elemental analyzer and continuous-flow isotope ratio-mass spectrometry (Lobley et al., 2000) . The NH3-N in dry omasal digesta samples was determined according to Fawcett and Scott (1960) . Briefly, 0.5 g of freeze-dried omasal digesta was diluted into 10 mL of 0.07 M sodium citrate (pH 2.2). The mixture was mixed and incubated at 39°C for 30 min in a forced-air oven. The extracts were then centrifuged at 18,000 × g for 15 min at 4°C. Then 20 μL of the supernatant were transferred into 16 × 100 mm borosilicate disposable glass test tubes and covered with Parafilm wax. The analysis was conducted using the phenol-hypochlorite method with a Pharmacia LKB-Ultrospec III spectrophotometer (model 80-2100-62; Cambridge, UK).
Omasal digesta and fecal samples were analyzed for DM, CP, NDF, ADF, lignin, crude fat, starch, ash, Ca, and P content as described previously (Rosser et al., 2013) .
Calculations and Statistical Analysis
The concentrations of Cr and Yb in freeze-dried digesta fractions were used to physically recombine DM from the freeze-dried PP and FP and to quantify omasal digesta DM flow out of the rumen using the double-marker technique (Faichney, 1975) . The Yb concentration in feces was used to calculate fecal DM output by dividing the amount of Yb infused (g Yb/d) by the Yb concentration (g Yb/kg DM) in feces, and subsequently, fecal DM output was used to calculate postruminal and total tract digestibility.
Background 15 N enrichment (15NB) in ruminal digesta collected from each heifer and each period averaged 0.3694 ± 0.0015 (mean ± SD) and was comparable to values observed in other studies (Ahvenjarvi et al., 2003; Chibisa et al., 2012) . Because 15 NB in bacteria is similar to 15 NB in digesta (Ahvenjarvi et al., 2003) , 15 Apparent digestion of nutrients in the rumen was calculated by subtracting nutrient intake from nutrient flow at the omasal canal. Organic matter truly digested in the rumen (OMTDR) was calculated by correcting OM flow at omasal canal for microbial OM flow.
Data were analyzed as a 4 × 4 Latin square design using the MIXED procedure of SAS (version 9.2; SAS Inst. Inc., Cary, NC). Fixed model effects included treatment and period, and heifer was the random effect. Repeated measurements of ruminal pH, ammonia, and SCFA concentrations were analyzed by including a REPEATED model statement. The effect of time (hour or day) and its interactions with treatment were also tested. The best covariance structure was chosen on the basis of the lowest Akaike and Bayesian information criteria. Polynomial contrasts were used to determine linear, quadratic, and cubic effects of barley and canola meal replacement rate with HLBP. Data are presented as least squares means and their corresponding SE. Significance was declared at P ≤ 0.05, and tendencies were declared when 0.5 < P ≤ 0.10.
RESULTS

Diet Composition
Ingredient and chemical compositions of experimental diets are presented in Table 1 . After replacing 30%, 60%, and 90% of the barley and canola meal with HLBP, the actual inclusion rate of HLBP in the diets was equal to 26.7%, 53.4%, and 80.1% of DM for HLBP30, HLBP60, and HLBP90, respectively. Crude protein content slightly increased with increasing HLBP inclusion (from 13.7% for CONT to 13.8%, 14.0%, and 14.4% for HLBP30, HLBP60, and HLBP90, respectively) because of greater CP content in HLBP compared to barley grain. Depending on HLBP inclusion rate, fat content was 1.5, 2.1, and 2.4 times greater for HLBP30, HLBP60, and HLBP90 compared to CONT, respectively, reaching 7.7% DM for HLBP90. On the other hand, compared to those of CONT, starch content was reduced by 10.4%, 26.6%, and 31.0% and NDF was higher by 12.4%, 24.4%, and 36.8% for HLBP30, HLBP60, and HLBP90, respectively.
BW, DMI, and Reticulorumen Content
Body weight of heifers increased during the study period by 130 ± 15 kg (mean ± SD). When HLBP partially replaced barley grain and canola meal in the diets, BW gain was reduced, resulting in linear BW decrease (P < 0.01) as HLBP inclusion rate in the diet increased (Table 2) .
Dry matter intake, expressed both as an absolute value and as a proportion of BW, was not affected by treatment (P ≤ 0.18). However, during omasal digesta sampling, DMI decreased for CONT and HLBP90, resulting in a tendency (P = 0.07) for a quadratic decrease in DMI with increasing HLBP inclusion rate in the diet (data not shown).
Reticulorumen digesta mass decreased linearly (P < 0.01) with increasing inclusion of HLBP. This was predominantly a result of a linear reduction in digesta moisture (P < 0.01) mass. However, digesta DM content (P = 0.07) and digesta DM mass (P = 0.11) tended to decrease quadratically with increasing HLBP inclusion rate in the diet.
Ruminal Fermentation
The inclusion level of HLBP in the diet had no effect on total SCFA concentration in the rumen (Table 3) . However, a treatment × hour of sampling interaction was detected (P = 0.03) as a result of a more rapid increase in SCFA concentration within the first 8 h after feeding when HLBP was offered in the diet compared to when CONT was offered, especially for HLBP60 (Fig. 1) . The molar proportion of valeric acid increased (P < 0.01) linearly with increasing HLBP inclusion rate in the diet. Furthermore, a linear increase in NH 3 -N concentration in the rumen was shown with increasing HLBP inclusion rate in the diet (P = 0.03).
Mean and maximum pH increased, whereas the duration and area that pH was below the calculated thresholds (5.8, 5.5, and 5.2) decreased linearly (P ≤ 0.05), with increasing proportion of barley grain and canola meal replaced by HLBP (Fig. 2) . On the other hand, the pH SD increased linearly (P < 0.01) with increasing HLBP inclusion rate in the diet.
Digestibility and Microbial Efficiency
When calculated using a double-marker system, omasal DM flow was greater than DMI, resulting in negative apparent DM digestibility in the rumen, especially for HLBP90. Furthermore, the use of Yb as a digesta marker resulted in very low apparent total tract OM digestibility, especially for HLBP90 (40.1%), indicating marker dysfunction. As a result, spare samples of omasal digesta were freeze-dried and analyzed for Cr and nutrient content, and digesta flows out of the rumen and total tract digestibility were calculated using a single-marker system with Cr used as the digesta marker. For microbial efficiency, bacteria 15 N enrichment was mathematically calculated on the basis of the 15N enrichment in PAB and FAB and PAB and FAB DM proportion.
The single-marker approach, like the double-marker approach (data not shown), yielded low apparent ruminal OM digestibility coefficients, and apparent ruminal NDF and ADF digestibility were negative for some heifers, especially when fed HLBP90, indicating that ruminal digestibility was underestimated. However, data for ruminal OM and N digestibility and microbial efficiency are presented and discussed in addition to total tract nutrient digestibility. Briefly, OM flow at the omasal canal linearly increased (P = 0.03), and both apparent and true ruminal digestibility decreased linearly (P < 0.01) with increasing proportion of HLBP in the diet (Table 4) . On the other hand, postruminal OM digestibility increased linearly with increasing proportion of HLBP in the diet (P = 0.05). There was no effect on N digestibility; both ruminal and postruminal but NH 3 -N flow increased linearly with HLBP inclusion (P = 0.02). Microbial efficiency (g microbial N/kg OMTDR) increased linearly (P < 0.01) with increasing proportion of HLBP.
Total tract OM decreased linearly (P < 0.01) with increasing inclusion of HLBP (Table 5 ). This decrease was mainly a result of linear decreases of total tract NDF digestibility (P < 0.01) with increasing HLBP inclusion rate in the diet. Figure 1 . Diurnal pattern of short-chain fatty acids concentration (treatment × hour relative to feeding interaction; P = 0.03) in heifers fed 0%, 30%, 60%, or 90% high-lipid by-product pellets (HLBP). Each sampling point represents mean from 4 values. Pooled SEM equaled 2.41. CONT = finishing diet with barley grain and canola meal as the main sources of concentrate; HLBP30 = 30% of barley grain and canola meal replaced by HLBP-based pellets; HLBP60 = 60% of barley grain and canola meal replaced by HLBP-based pellets; and HLBP90 = 90% of barley grain and canola meal replaced by HLBP-based pellets. 
DISCUSSION
The hypothesis for this study was that replacement of cereal grain in a finishing diet with strategically blended HLBP would decrease the concentration of SCFA in the rumen, shift digestion from the rumen to lower compartments of the gastrointestinal tract, increase ruminal microbial efficiency, and as a result decrease the severity of RA. In this study, the substitution of barley grain and canola meal with a pelleted blend of various high-fiber, low-starch by-products and high-lipid off-grade canola seeds was shown to be an effective method for decreasing the severity of RA in grain-fed cattle. The reduction in the severity for ruminal acidosis was indicated by lower duration and area that ruminal pH was below 5.8, 5.5, and 5.2, which were the thresholds used to indicate presence of mild, severe, and acute RA, respectively (Penner et al., 2007) . Several factors could contribute to the observed effect of HLBP on ruminal pH. Specifically, the reduced starch content in the diet and OM digestibility in the rumen likely had the greatest effect. Depending on the inclusion rate, HLBP use decreased starch content in the diet from 50% to 34.5% and increased NDF content from 19.3% to 26.5% (DM basis). These changes in dietary starch and NDF undeniably lowered the fermentability of the diet, and it is expected that fermentation acid production in the rumen would also be reduced (Allen, 1997; Aschenbach et al., 2011) . A high lipid inclusion rate is also known to decrease OM digestibility in the rumen, especially digestibility of fiber, shifting the site of its digestion to the lower parts of the gastrointestinal tract (Zinn, 1989; Zinn and Shen, 1996; Plascencia et al., 2003) , ultimately leading to the lower SCFA production in the rumen. Lower OM digestibility in the rumen can be also expected when feeds are pelleted before feeding. For example, finely grinding and pelleting hay decreases the retention time in the rumen of sheep from 40 to 33.7 h (Abouheif et al., 2012) . Collectively, reduced dietary fermentability and a shift in the site of digestion from the rumen to the lower parts of the gastrointestinal tract likely explain the beneficial effect on ruminal pH. The stimulatory effect of butyrate may have affected fermentation acid removal from the rumen (Aschenback et al., 2001) .
Although HLBP use reduced the severity of RA, the SCFA concentration in the rumen was greater and ruminal pH was reduced within the first 8 h after feed allocation when HLBP was a component of the diet. The greater SCFA concentration and reduced ruminal pH were probably a result of the high inclusion rate of ground wheat (29.5% DM basis) and wheat screenings (26.4% DM basis) in HLBP, which was used to ensure acceptable ingredient binding and pellet quality. Wheat starch is known to be rapidly fermented in the rumen, and grain processing, such as grinding and pelleting, further increases ruminal degradation of starch (Theurer, 1986; Herrera-Saldana et al., 1990) . Rapid ruminal fermentation within first hours after feed delivery resulted in a large SD in ruminal pH when HLBP partially replaced barley grain and canola meal in the diet. Moreover, we observed a substantial increase in the concentration of SCFA and concomitant ruminal pH reduction between 4 and 8 h after feed allocation. Although a wide range of diurnal ruminal pH cannot be considered favorable, it has been shown that the duration of low pH exposure is more detrimental to the ruminal epithelium absorptive and barrier function, as well as ruminal microflora, than short bouts of RA (Calsamiglia et al., 2002; Penner et al., 2010) . Nevertheless, HLBP use resulted in most of the acidic insults accumulated within a short period of time (mostly between 2 and 4 h after feed delivery), whereas for CONT, episodes of severe and acute RA were more or less evenly distributed over the day.
To our knowledge, this is the first study utilizing the omasal sampling technique to determine digesta flow out of the rumen and ruminal and postruminal digestibility in cattle fed a high-grain finishing diet. Although in line with our hypothesis, HLBP use in the diet decreased ruminal OM digestibility, and the results of this study indicate that ruminal digestibility was underestimated. Apparent ruminal OM digestibility was low (from 17.1% to 41.5%) when taking into account the fact that highly fermentable grain-based diets were used in this study, and NDF and ADF digestibility were negative in some cases, particularly when HLBP replaced 60% or 90% of barley grain and canola meal in the diet. This result indicates that digesta flow out of the rumen was overestimated. Nevertheless, some interesting observations arose from this study that question the accuracy of the omasal sampling technique when diets have limited inclusion of fiber (Huhtanen et al., 1997; Ahvenjarvi et al., 2000; Rotta et al., 2014) . First, although the low values for apparent OM digestibility in the rumen could be attributed to the single marker used to calculate digesta flow (i.e., Cr-EDTA), we anecdotally observed a negative impact of HLBP on ruminal digesta stratification. Although we did not investigate ruminal mat characteristics (e.g., thickness or consistency), ruminal mat consistency was visibly negatively affected when HLBP proportion increased in the diet. In such a case, placement of the sampling device within the omasal canal could lead to aspiration of digesta not necessarily entering omasum, consequently biasing the collected sample. Although we cannot confirm the direct cause for overestimated DM flow out of the rumen, we speculate that the omasal sampling technique may not be a good technique when diets limit stratification of digesta in the rumen. However, it is important to recognize that the omasal sampling technique has been demonstrated to be a useful approach to determine the extent of reticulorumen digestion in dairy cows (Huhtanen et al., 1997; Ahvenjarvi et al., 2000) and beef cattle fed diets with substantial forage inclusion rates (Rotta et al., 2014) .
Second, we cannot rule out that the observed negative NDF and ADF digestibility coefficients in this study were due to a substantial proportion of fiber being digested in the omasum, in particular that a lack of digesta stratification in the rumen could lead to the increasing proportion of fiber flowing out of the rumen before digestion initiation. It is widely accepted that even relatively large particles can leave the reticulorumen (McBride et al., 1984; Lauper et al., 2013) , which may be especially apparent when the "filter-bed effect" in the rumen is negatively affected. Several studies have confirmed or discussed the importance of microbial activity in the omasum for fiber digestion in cattle (Ahvenjarvi et al., 2000; Krizsan et al., 2010; Rotta et al., 2014) . The importance of the omasum for nutrient digestion in cattle is also supported by its relatively large size in ruminants that are grass-roughage eaters (Clauss et al., 2010) . Taken together, the results of this study indicate that the omasal sampling technique may not be a recommended technique to determine the digestibility of feeds in the reticulorumen when the imposed dietary treatments negatively affect digesta stratification in the rumen.
Despite the fact that results for nutrient digestion in the rumen may be underestimated in this study, reticulorumen digesta content decreased when the proportion of barley grain and canola meal replaced by HLBP increased. This was mainly a result of a decrease in reticulorumen digesta moisture content, suggesting that fluid throughput was increased when HLBP replaced barley grain and canola meal in the diet. It is estimated that 15% of SCFA is removed from the rumen via passage to the lower compartments of the gastrointestinal tract (Bergman, 1990; Peters et al., 1990; Lopez et al., 2003) , and some authors claim that the contribution of this pathway for acid removal from the rumen may be even higher (Aschenbach et al., 2011) . The postfeeding ruminal pH drop followed by its rapid increase suggests that digesta flow out of the rumen (and thus fermentation acid removal via the passage to the lower gastrointestinal tract compartment) could be a substantial factor contributing to the lower severity of RA when HLBP was a component of the diet.
Like digesta flow overestimation, microbial efficiency was probably also overestimated. However, there was a clear trend for increasing microbial efficiency with increasing HLBP inclusion rate in the diet, and the values obtained were only slightly higher than those presented in the literature (Koenig et al., 2003; Chibisa et al., 2012) . As a result, the higher efficiency for microbial protein synthesis could be at least partially responsible for the lower severity of RA when HLBP partially replaced barley grain and canola meal in the diet.
A negative effect of HLBP use on total tract OM digestibility is in line with lower G:F observed for steers fed HLBP in a companion study evaluating the growth performance of steers (Górka et al., 2013) . Although this negative effect of HLBP could be attributed to high lipid inclusion in the diet, lipid content in Górka et al. (2013) did not exceed 6% of DM for HLBP30 and HLBP60, a level that should not negatively affect ruminal fermentation (Zinn and Jorquera, 2007) , whereas OM digestibility was negatively affected in the current study for those treatments as well. As a result, the negative effect of HLBP should be attributed to greater fiber content in the diet when HLBP replaced barley grain and canola meal and possibly shorter digesta retention time in the rumen as a result of feed pellet use (Beauchemin et al., 2001; Abouheif et al., 2012) . Although this negative effect on feed efficiency may discourage producers from HLBP use in commercial conditions, it has been shown that blended by-product feed pellet use may still be economically attractive, especially when cereal grain prices are high (Zenobi et al., 2014) . Furthermore, it has been shown that the severity of RA in finishing cattle increases with advancing days of feed (Castillo-Lopez et al., 2014) . On the basis of the results of this study, HLBP can effectively replace 30% to 60% of barley grain and canola meal in a finishing diet for feedlot cattle without negatively affecting ruminal pH and without a substantial negative effect on nutrient digestion.
In conclusion, this study showed that HLBP use as a substitute for barley grain and canola meal linearly decreases the severity of RA in cattle fed a grain-based finishing diet. However, total tract nutrient digestibility is negatively affected.
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